One of the most frequent protein-protein interaction modules in mammalian cells is the Postsynaptic density 95/Discs large/Zonula occludens 1 (PDZ) domain, involved in scaffolding and signaling and emerging as an important drug target for several diseases. Like many other protein-protein interactions, those of the PDZ domain family involve formation of intermolecular hydrogen bonds: C-termini or internal linear motifs of proteins bind as β-strands to form an extended anti-parallel β-sheet with the PDZ domain. Whereas extensive work has focused on the importance of the amino acid side-chains of the protein ligand, the role of the backbone hydrogen bonds in the binding reaction is not known. Using amide-to-ester substitutions to perturb the backbone hydrogen bonding pattern, we have systematically probed putative backbone hydrogen bonds between four different PDZ domains and peptides corresponding to natural protein ligands. Amide-to-ester mutations of the three Cterminal amides of the peptide ligand severely affected the affinity with the PDZ domain, demonstrating that hydrogen bonds contribute significantly to ligand binding (apparent changes in binding energy, ΔΔG = 1.3 to >3.8 kcal mol -1 ). This decrease in affinity was mainly due to an increase in the dissociation rate constant, but a significant decrease in the association rate constant was found for some amide-toester mutations suggesting that native hydrogen bonds have begun to form in the transition state of the binding reaction. This study provides a general framework for studying the role of backbone hydrogen bonds in protein-peptide interactions, and for the first time specifically addresses these for PDZ domain-peptide interactions.
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INTRODUCTION
A number of interaction modules govern signaling and scaffolding in mammalian cells. A very important and highly frequent type of interaction module is the one found in the family of Postsynaptic density 95 (PSD-95)/Discs large/Zonula occludens 1 (PDZ) domains, [1] [2] [3] [4] which generally recognizes short regions of amino acid sequences, in particular flexible C-termini of target protein ligands ( Figure 1A ).
PDZ domains play important roles in a plethora of physiological functions, for example acting as scaffolding proteins in the synapse 2, 5 and as recognition motifs in enzymes such as protein tyrosine phosphatase. 6 In each of these interactions, a number of hydrogen bonds are formed between the natural ligand and the PDZ domain. PDZ domains are also emerging as novel and exciting drug targets, based on inhibition of the protein/PDZ domain interaction. 7, 8 Currently, the most advanced compounds are those that inhibit PDZ domains of PSD-95 as putative treatment of ischemia and pain. [9] [10] [11] [12] [13] It is well established that the C-terminal part of the protein ligand or an internal linear motif is bound to a peptide binding groove in the PDZ domain, between the β2-strand and the α2-helix ( Figure 1A ). 14 The ligand forms an extended anti-parallel intermolecular β-sheet with two β-strands from the PDZ domain. In X-ray crystal and NMR structures of PDZ domains together with peptides corresponding to C-termini of putative protein ligands, it is suggested that three or perhaps four hydrogen bonds are formed between the backbone of the ligand and β2 of the PDZ domain ( Figure   1A ). These structurally conserved hydrogen bonds are likely to contribute to the affinity of the protein ligand-PDZ complex and might be involved in early events during the binding reaction. Whilst numerous studies have evaluated the importance of amino acid side chains in the ligand with respect to affinity and selectivity, [15] [16] [17] [18] [19] [20] [21] [22] [23] the role of the backbone hydrogen bonds in these interactions has not been assessed.
One of the best ways to probe backbone interactions is to introduce amide-to-ester mutations, which is a subtle modification that removes the NH hydrogen bond donor and reduces the hydrogen bond acceptor capacity of the carbonyl group by ca. 50%. 24 The strategy has been used in protein folding and stability studies [25] [26] [27] [28] [29] [30] [31] [32] , amyloid formation, 33 in interactions between enzymes and substrates or inhibitors [34] [35] [36] as well as in interactions between nicotinic acetylcholine receptor and its ligands. 37, 38 Here we have for the first time systematically explored the general importance of backbone hydrogen bonds in protein-peptide interactions involving PDZ domains, using four prototypical PDZ domains and peptides corresponding to naturally occurring protein ligands. There is a severe loss of affinity upon destabilization or removal of several backbone hydrogen bonds, revealing their pivotal role in the PDZ-peptide interaction.
Furthermore, we use kinetic methods to probe the role of these hydrogen bonds in the transition state for the binding reaction and find that in some cases their formation is partially rate-limiting. (Table   S1 ). agitating for 1 h at room temperature. After washing the resin with DCM and then DMF this coupling step was repeated. Subsequent Fmoc deprotection and coupling steps as well as N-terminal dansylation was carried out as described for wild-type peptides above. The final peptides were cleaved from the resin by treatment with TFA/TIPS/H 2 O (95:2.5:2.5) for 2 h and treated as the wild-type peptides described above, yielding the purified (0,-1) dansylated depsipeptides as white or yellowish solids after lyophilization with purities generally >95% (Table S1 ).
METHODS
Despsipeptides with mutations at (-1,-2), (-2,-3) and (-3,-4) were synthesized by a Characterization and final purity of all peptides was determined by HPLC, LC-MS and HRMS (Table S1 ). force field 46 and the GB/SA solvation model. 47 The model peptide which contains an alanine in place of the lysine was used to avoid introducing bias from the lysine side chain which is undefined in the X-ray structure. For the same reason, computational studies were restricted to exploring (0,-1), (-1,-2) and (-2,-3) depsipeptides and the wild type peptide with amide bonds. The relative conformational energies are plotted against the dihedral angle in Figure S1 . The molecular mechanics calculations provide a qualitative measure for the change in conformational preferences as a function of the introduced amide-to-ester mutations. To quantify the effect, relaxed backbone coordinate scans were performed for Val-CO-CH 3 and the corresponding depsifragment using quantum mechanical (QM) calculations in Jaguar 7.8 (Schrödinger, LLC, New York, NY, 2011). The scan was performed in steps of 10
• using the B3LYP/6-31+G** functional 48, 49 and basis set with the Poisson-Bolzmann aqueous solvation model. 50 Otherwise default settings were used. Gas-phase energies were extracted and plotted against dihedral angle ( Figure S2 ).
RESULTS
To address the role of backbone hydrogen bonds in PDZ-peptide interactions, we Table   1 ).
The fluorescence polarization experiments further demonstrated that the two mutations expected to remove a peptide-NH/protein-C=O hydrogen bond resulted in severe loss of affinity towards the protein (100 to >1000-fold) ( Figure 2 ). In general, mutation at position (0, -1) was more deleterious compared to that at (-2, -3), and mutations at position (-1, -2) reduced the affinity relatively more than at (-3, -4). In fact, for PSD-95 PDZ2, PSD-95 PDZ3 and SAP97 PDZ2 the change in affinity was only 2-fold or less for the amide-to-ester mutation at (-3, -4), showing that this hydrogen bond to the carbonyl group in the peptide contributes relatively little to the overall PDZ-peptide affinity. Note that ΔΔG values for mutations at (0, -1) and (-2, -3) on the one hand cannot be compared directly to those at (-1, -2) and (-3, -4) on the other, because the amide-to-ester mutation removes completely the hydrogen bond for the former but only destabilizes the hydrogen bond for the latter ( Figure 1A ).
The effect of amide-to-ester mutation on binding kinetics. To understand the binding reaction in more detail we performed stopped flow experiments for all pairs of PDZ and cognate peptides ( Figure 3 , Table 2 ). We were not able to measure binding kinetics for the peptides with the amide-to-ester mutation at position (0, -1).
Based on the fluorescence polarization data (K d >1 mM), a likely explanation is offrate constants higher than 1000 s -1 , i.e., outside the range of the stopped flow mixer, which can measure reactions occurring after approximately 2 ms. Using capacitor discharge temperature jump we could also estimate a low Φ binding value for PTP-BL PDZ2 at position (-1, -2) ( Figure 3 , Tables 2 and 3 ).
We could also measure binding kinetics for PSD-95 PDZ3 at position (-1,-2) and, unlike for the other three PDZ domains, at position (-2,-3). However, instead of the linear increase of k obs with peptide concentration, typical for a bimolecular interaction, 45 the k obs values appeared to be constant with increasing peptide concentration ( Figure 3) . Importantly, fluorescence polarization data showed that the interactions between PSD-95 PDZ3 and the (-1,-2) and (-2,-3) depsipeptides are weak, in agreement with a very low k on . Calculated from the extrapolated k off (Fig. 3) and K d from fluorescence polarization (Fig. 2, Table 1 ), the k on values would be around 0.2 µM The effect of amide-to-ester mutation on peptide conformational preferences.
Amide-to-ester mutations have been widely used to address backbone interactions in peptides and proteins, in particular to delineate specific hydrogen bonding contributions, assuming that esters are structurally similar to amides. [27] [28] [29] [30] [31] [32] However, internally in the peptide, the amide to ester mutation represents an umpolung of the electrostatic properties stabilizing the internal conformation of the peptide ligand.
Upon amide-to-ester mutation, a hydrogen bond donor is converted to a weak hydrogen bond acceptor and for the individual amino acid, this means that a favourable 1,4-intramolecular electrostatic interaction between the hydrogen in the NH group and the carbonyl oxygen is replaced by an unfavourable interaction due to two lone pairs pointing in the same direction. To get an overview of this effect on the investigated peptides, we compared computational torsional scans for wild type and depsipeptides and the results indicate, that for (0,-1), (-1,-2) and (-2,-3) depsipeptides energy minima have shifted significantly for at least one of the two torsional angles associated with the backbone ester oxygen atom relative to the corresponding dihedral in the wild type peptide ( Figure S1 ). In most cases, the relative energy of the depsipeptide exceeds that of the wild type peptide in vicinity of the dihedral angle extracted from the bound ligand indicating that there is a conformational energy penalty associated with adopting a conformation similar to that observed for the wild type peptide bound in the PSD-95 PDZ3 14 X-ray crystal structure. To quantify the effect, we compared the conformational energy preferences of the peptide fragment,
Val-CO-CH 3 to that of its α-hydroxy analogue representing the (0, -1) depsipeptide.
The fragment was chosen instead of the full peptide because it is sufficiently small in size to allow for use of more accurate quantum mechanical calculations. and the results show, that to assume a conformation corresponding to that of the bound wild type peptide, the (0, -1) depsipeptide has to pay a conformational energy penalty of 1.5 kcal/mol ( Figure S2 ). Thus, we note that conformational preferences of free versus bound peptide may contribute to the large apparent changes in binding energy upon amide-to-ester mutation. In general, it is likely that such conformational preferences affect the outcome of amide-to-ester mutations.
DISCUSSION
Hydrogen bonds play pivotal roles in molecular recognition. 58, 59 In particular, they often serve as determinants of specificity in protein-protein interactions and enzymesubstrate binding whereas hydrophobic interactions generally afford affinity.
However, this appears to not be the case for PDZ-peptide interactions, for which a similar set of hydrogen bonds are always present between a β-strand in the PDZ domain and the linear motif of its protein ligand (Fig. 1A) . In sharp contrast to the role of side-chains in PDZ-ligand interactions, the backbone hydrogen bonds have never been investigated. We therefore set out to quantitatively measure the contribution of these hydrogen bonds to the binding reaction by making amide-toester mutations 24, 27 in the backbone of peptide ligands for four different PDZ domains.
Intermolecular hydrogen bonds are important in many protein-ligand interactions, 59 including pathological fibril formation. 60 The strategy presented in the current paper may be extended to other systems involving binding of linear motifs, which is very common, for example among intrinsically disordered protein regions. 61 The large effect on the affinity upon removal or perturbation of the backbone hydrogen bonds between peptide residues 0 and -3 demonstrates their significance in terms of binding energy for the interaction with strand β2 of the PDZ domain.
However, the net energetic contribution, or the genuine incremental binding energy 58 of a particular hydrogen bond in the peptide-PDZ complex is difficult to estimate. It is well known that the net change in number of hydrogen bonds in a binding reaction is usually zero and so the change in free energy will usually be only 0.8-1.5 kcal mol -1 , 58 whereas the actual strength of the hydrogen bond could be higher, in particular in a hydrophobic environment. 31 In the interaction between wild type peptide ligands and PDZ domains, the backbone NH groups from the peptide will form a hydrogen bond 
Conclusions
We have, to the best of our knowledge, for the first time examined the contribution of backbone hydrogen bonds in a protein-peptide interaction using the common peptide-PDZ model system as example. Amide-to-ester bonds were systematically introduced into the peptide ligand, and strong, but differential effects on binding were observed.
Consistent with structural data, always three and sometimes four amide bonds had a dramatic impact on the affinity, demonstrating that they make favorable hydrogenbond interactions in the complex. Our current model for peptide binding by PDZ domains, based on previous experiments with ultrafast mixing techniques, involves an intermediate that accumulates at very high peptide concentration (>200 µM) and which is present before the major rate-limiting barrier for binding. 41, 51 With the current data at hand, which probes the rate-limiting barrier for association, we suggest that this early intermediate contains mainly non-native interactions. During the passage over the rate limiting barrier a few native bonds are beginning to form, including backbone-backbone hydrogen bonds (Figure 4 , Table 3 ). Thus, in PDZpeptide interactions, native backbone-backbone and side-chain interactions appear to form simultaneously, and they start to do so towards the N-rather than C-terminus of the peptide ligand (at least for PSD-95 PDZ3 and SAP97 PDZ2). The majority of the interactions, including the backbone hydrogen bonds, obtain fully native contacts on the downhill side of the rate limiting barrier for all PDZ domains studied.
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a Too high k obs value and/or too low kinetic amplitude to measure the parameter accurately. 
